The behavior of zinc anodes for t he protectio n of iron and steel cathod ically was investigated in eigh t diverse soil en vironments. The experimen tal unit cons isted of a small steel ring to which was co nnected from one to t hree zin c cylinders to pro vide different area rat ios of zin c to steel. Corrosion of the steel cathodes was prevented over t he test periods of from approximately 3 to 6 years except in one poorly conducting soil a nd in a very alkaline soil. i\feasurements o f galvan ic current and open-and closed-circuit potentials made on the experimental co uples during t he co urse of the te t are in terpreted in terms of the extent cathodic protection rece iv ed. Meas urem ents o f t h e apparen t cu rrent r eq uired fo r cathod ic protection as indicated by current-pote ntial curves are compared wilh the cu rrcnts actually required to prevent co rrosio n.
I. Introduction
Prior to the present investigation , which was started in 1941 , zinc anodes had been employed more or less exp erimentally by a number of corrosion enginee rs for the cathodic protection of iron and steel pipe lines in lo cal r egions with cOl'1'osive soils. Seveml successful installations [1]1 had been describ ed in the literature, bu t other 1'epol'Ls of the use of zinc anodes were less favorable, raising the question whether differences in environment might not account for the reported differences in behavior. In order to study the effectiveness of zinc for the cathodic pl'otection of iron and steel in different soils, the National Bureau of Standards in 1941 organized a series of field tes ts in cooperation with eight pipe line companies. The plan called for the installation of eight test sites, selected to represent a diversity of soil conditions, of galvanic units, consisting of an iron or steel cathode connected to from one to three zinc anodes. By varying the number of anodes, the current density on th e corresponding cathodes was subj ect to some control. At the conclusion of the test the couples were to be returned to the laboratory for measurement of the degree of protection provided and to obtain other pertinent information. I 
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Although m easurement of the loss in weight of the steel cathodes after a given period of exposure would establish the degree of cathodic protection provided by the zinc anodes in th e environments selected, it was planned also to make several electrical measurements as possible alternative indications of th e protection ob tained. Provision was mad e for m easurement, whenever the opportunity offered, of galvanic currents and electrode po ten tials, and for study of the potential of the ca thode as a function of appli ed current.
Subseq uent to the installation of these experimental couples, a number of installations of zinc anodes on pipe lines have been made. In these r ecent installation attention has been direc ted chiefly toward maintenance of the most favorable environment around the anodes for the maximum output of current [2, 3, 4] .
II. Properties of Soils at Test Sites
The properties of the soils at the test sites, 'recorded in table I , indicate that the soils are highly diversified. The reaction of the soils ranges from the very acid Susquehanna clay, pH 4.3, to the strongly alkaline Chino silt loam, pH 9.2. The data indicate that the soils cover a wide range of composition and total content of soluble salts. For example, in the Otero clay (site 74) , calcium sulfate is present in high concentration, but in the silt loam at Albuquerque, N. 11. (7p ), sodium sulfate predominates. The Chino siHloam (76 ) is unique in containing sodium carbonate, the presence of which accounts for the relatively strong alkaline reaction of this soil (pH 9.2 ). 
III. Experimental Zinc-Steel Couples
A zinc-iron couple for use in field tests should be so designed that the data obtained may be applied t o practical installations. Although the circuit resistance of a, small test couple will necessarily differ greatly from that of a practical installation, it can be shown that if the appropriate dimensions are maintained in a medium of large extent and with the same resistivity, the CUlTent densities on the cathodes will be the same for the two installations.
The design of the experimental cathode and the installation of the couple a,t the test sites were based on theoretical considerations and measurements of current distribution as affected by the form of the cathode, horizontal spacing, and depth of the cathode below the surface of the ground.
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All of these measurements were made in a tank of such size r elative to the size of the test couple that the effect of the walls and bottom of the tank on current distribution could be neglected . End effects were avoided by bending a steel rod in the form of an open ring, forming essentially what is known as a toroid or anchor ring ( fig. 2 ). For distances from a small anode equal to or greater than the diameter of the ring, the maximum difference in .current density over the cathode was about 10 percent. The effect of variations in the horizontal spacing between cathodes on current distribution was negligible at distances greater than the diameter of the ring. Similarly, at this distance from the surface, no effect of the surface on current distribution could be detected.
Cathodes for the field tests were constructed by bending a sufficient length of steel rod 0.5 in. in diameter to form a ring having an external diameter of 10 in. A small hole was drilled through one end of the curved rod, and, after the ring had been weighed, the end of a No. 14 rubber-covered copper wire was soldered into the hole. A coating of a bituminous material was then applied to the soldered joint. The surface area of the ring was 48 sq in. Because field tests had shown that the composition of the low-carbon steels commonly used in the manufacture of pipe for underground service has a negli gible eHect on corrosion rate, no effort was made to secure steel conforming to some definite specification for the preparation of the cathodes, and teel that was readily available fro m stock was used.
Another prohlem in the design of a sui table experimental co uple is t he maintenance of definite ratios of the areas of zinc and steel throughout the durat ion of the test. This condition is difficult to produce in exp erimental coupJ es, because the change in area of a small anode for a given rate of penetration by corrosion would be relatively greater than the change in area of t he large anode in a practical installation for the same rate of penetration . However, by exposing only the base of a eylindrical zinc anode to the soil, the ar.ea of t he zinc and hence t he zinc-steel area ration could be held reasonably constant. This result was accomplished by covering each cylindrical zinc anode with a housing, which consisted of a wide-mou thed glass bottle, slightly larger in
3' 10' diameter than the anode, from which the base had been removed. Wi th a zinc cylinder of sufficient weight, firm contact with the soil was as ured, the cylinder being free to move downward as its base corroded. The cylindrical anodes were 1.75 in. in diameter and 3.75 in. in height. The exposed area ofthe base of the anodes was 2.4 sq in. After the anodes had been weighed, the cylindrical surface was coated with a bituminous paint to prevent lo cal corrosion, and a length of insulated copper wire was soldered to one end. The nominal percentage composition of the zinc used for the anodes was: Pb, 0.007 ; F e, 0.005; AI, 0.00; Zn, 99 .98 (by difference).
The plan of installation of the couples at the test sites is shown in figure 1. As is shown in the figure, the electric circui t was completed by means of binding posts attached to a copper strip. To protect the terminals from corrosion, the copper strip was placed in a glass bottle from whi ch it could be removed when electrical measurements were to be made. 
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IV. Cathodic Protection as by Indica ted
Corrosion Measurements
The losses in weight and the depths of the deepest pits on the steel cathodes connected to the zinc anodes are shown in table 2, together with similar data for the unconnected steel rings and zinc cylinders. It is evident that over the test periods of from 3 to nearly 6 years, practically complete protection was obtained at six of th e €'ight test sites, nam ely 71 to 75 , inclusive, and 78. Althougha zin c-steel area ratio of 1: 20 was sufficient for protection at sites 74, 75 , and 78 , an area ratio of1: 18 \vas r equired at sites 71 , 72, and 73. The condition of th e connected and unconnected steol rings and the bases of the zinc cylinders from sites 75 and 78 is shown in figure 2 .
T ABLE 2. W eight losses and maximum pit depths on connected and unconnected electrodes P, D eepes t pit less than 6 mils; ]\1, shallow n1ctal attack-no defini te p its; S, un iform corrosion-no reference surface for pit measure ments A, Unprotected steel rin g and zinc cylinder exposed at site 78 for 3.1 years; B, ring connected to zinc anode at site 78 for 3.1 years. Zn·Fe arca·ratio 1:20; C. unprotected steel ring and zi;}c cylinder exposed at site 75 for 5.8 years; D, ring con nected to zinc anode at site 75 for 5.8 years. Zn-Fe area-ratio 1:20.
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The primary environmental factors that affected the behavior of the zinc anodes are indicated by the data of table 1. The soil properties that appear to have the most inhibitive effect on the anodes are high resistivity and high alkalinity. The fact that protection was not obtained at site 77 is no doubt caused by the high specific resistance of the soil, 9,370 ohm-cm, at this site. Although the relatively high resistivity of soil 76 (2,650 ohm-cm) was probably an important factor in the poor performance of the zinc anodes at this site, the high concentration of hydroxyl ions in this soil, indicated by the pH value of 9.2, probably tended to inhibit the galvanic corrosion of the zinc anodes. With regard to the remaining soils, it would seem that the composition of the water soluble material was unimportant, providing the resistivity of the soil was relatively low. Improvement in the performance of zinc anodes in poorly conducting soils and in strongly alkaline soils deficient in chloride and sulfate ions can probably be obtained by surrounding the anodes with materials, such as calcium sulfate, which produce soluble corrosion products of zinc. This practice is advocated by Mudd [3], Morgan [5] , and others.
The data obtained from site 72 throw light on the somewhat controversial subject of whether cathodic protection is practical in highly reducing environments in which microbiological activity is an important factor in corrosion. In such environments it is assumed that high-resistance oxide films, which normally cover cathodic areas, are converted to sulfide films of relatively low resistance, and that the effect of this conversion is to cause a large proportion of the protective current to be bypassed by the cathodic areas, thereby requiring an abnormally high current for protection. By referring to the data in table 1, it is seen that the soil at site 72 contains a relatively high concentration of sulfat.e ions. The reducing nature of this soil is shown by the presence of sulfide in the corrosion products of steel at this location and also by measurements of the oxidation-reduction potential. Under these conditions it is noteworthy that adequate protection of the steel cathodes was obtained with a moderate area-ratio of zinc to steel.
306
V. Ca thodic Protection as Indica ted b y Electrical Measurements
Galvanic Currents and Open-and-Closed-Circuit Potentials
The data reported in table 3 consist of measurements made after various periods of exposure, of galvanic currents, potentials of the couples on closed circuit, and open-circuit potentials of the steel rings and zinc cylinders. Currents were measured by the zero-volt-Ioss method [6, 7] , the IR drop in the millimeter being compensated by an equal and opposite voltage by means of a battery and a variable resistance. Potential measurements were meas~'ed with a potentiometer-voltmeter. A copper··copper sulfate half cell placed about 10 feet from the couple was used as a reference electrode. After measuring the galvanic currents and the closed-circuit. potentials of the couples, the circuits were opened for 15 to 20 minutes, and the open-circuit potentials of the zinc anodes and sLeel cathodes were measured.
In the absence of polarization and mutual influence of the anodes, the galvanic currents produced by connecting, to a steel cathode, one, two, or three zinc anodes in parallel would be expected to be in the same ratio as the number of anodes. An approach to this ratio is shown by the currents that were measured at site 75 immediately after the installation was made, the currents standing in the ratio of 1:2:2.6. Similarly, the averages of the currents measured at site 72 for the entire period of the test are in the ratio 1 : 1.9: 2.7. As a matter of interest, the total losses in weight of the respective numbers of zinc anodes for the 5-year test period are in the ratio 1 :2.0:2.7, showing that the entire loss in weight of the anodes could be accounted .for by the galvanic currents, as has been previously indicated. The fact that the currents were not in the exact ratio of 1 : 2: 3 indicates some influence between the anodes connected to the same cathode.
At the test sites where polarization of the cathodes was marked, the couples that contained three anodes produced little, if any, more current than the couples that contained only two anodes. Furthermore, two anodes often produced considerably less than twice the current produced by one anode. These observations are illustrated by the ratio of the average currents at site 78 for one, two, and three anodes, namely, 1.0: 1.5: l.5. As would be inferred from this relation, cathodic protection was readily accomplished at this site, a zinc-iron ratio of 1: 20 being sufficient to prevent corrosion of the cathode (table 2) . The open-circuit potentials of the cathodes are seen to be highly variable, ranging at various sites from 0.14 to 0.96 volt. This is in marked contrast to the potentials of the zinc anodes, which, with a few exceptions, were remarkably constant. The marked differences in the potentials of the steel cathodes can be interpreted in terms of the local cell theory of Muller [8] . According to Muller, the potential of a self-corroding surface is given by the equation.
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Ra E -E ----+Ec ---. On the basis of Muller's equation one might reasonably interpret the relatively high values of potential measured in soils 73, 74, 75, and 78 as indicating that the potential of the anodic areas, EA , was being approached. Similarly, the relatively low values for the potential of the rings in soils 76 and 77 would be taken to indicate that these values were influenced to a somewhat greater extent by the potential of the local cathodes Ec.
According to the criterion of Mears and Brown [9] for cathodic protection, namely , that corrosion is prevented when the potential of the local cathodes is brought to the open-circuit potential of the local anodes, one might infer that a slight increase in the relatively high potentials of the iron cathodes in soils 73 , 74, 75 , and 78 would be sufficient to prevent corrosion, because the observed potentials are already probably very close to the open-circuit potentials of the local anodes.
By the same reasoning, a proportionately greater change in the nobler potentials of the cathodes in soils 76 and 77 would be necessary to prevent corrOSIOn.
By comparing the open-circuit potentials of the cathodes in soils 73, 74,75, and 78 with the corresponding closed-circuit potentials, it can be seen that by connecting the zinc anodes to the steel cathodes, the potentials of the latter were brought close to the potentials of the zinc anodes. As these latter potentials are almost certainly more anodic than the potentials of the local anodes on the steel rings, the criterion for cathodic protection suggested by Mears and Brown has apparently been satisfied. However, because of the inclusion of some IR drop, the values of closed-current potential indicated are probably somewhat greater than the true potentials of the local anodes. Because of the more cathodic potentials of the steel rings at sites 76 and 77, small changes in potential are seen to have been insufficient to polarize the rings to the potentials of the local anodes, and as a consequence, corrosion was not prevented. The relatively low closed-circuit potentials of the couples a,t sites 76 and 77 indicate that polarization of the zinc anodes was also an important factor in the failure to achieve cathodic protection in these soils.
Current-Potential Curves for the Steel Cathodes
In addition to the electrical measurements described in the preceding section, current-potential curves for the cathodes were obtained at most of the test sites. The relation between the potential of a corroding element and the applied current has been suggested as a practical means of measuring th~ current required for the protection of iron and steel cathodically. As increasing currents are caused to flow toward a corroding surface, the potential remains constant over a range of currents after which the potential changes in proportion to the logarithm of the current. Consequently, if the values of potential are plotted on the vertical axis against the logarithm of the corresponding currents on the horizontal axis, the points up to a certain value of current. will lie along a horizontal line. Beyond this value of current and after more or less transition,' the points fall along a second straight line having an 3:ppreciable slope. The current corresponding to the point at which the potential departs from the horizontal relation and follows the curve for hydrogen overvoltage has been taken by ]!:van , Bannister and Britton [10] , Pearson [ll] , and Ewing [12] as the minimum current that will prevent corrosion at least under the particular experimental cond itions. However, as many current-potential curves depart considerably from tbe ideal curve, the interpretation of current-potential curves generally in terms of the current required for protection is uncertain. As it seemed probable that at least one of the three cathodes at each test site would be just protected cathodically, comparison of the values of the minimum protective current estimated from the cLlrrent-potential curves and the galvanic currents that flowed to such protected cathodes would indicate the manner in which current-potential curves had best be interpreted in terms of the current requ ired for cathodic protection.
.. Before proceed ing wiLh the interpretation of the current-potential curves of the experimental couples, it is preferable to consider similar curves obtained under conditions that permit direct com-paris0l1 between the values of the protective current indicated by the curves and the currents actuall y required to prevent cOlTos ion. In figure 3 are sbown curren t-potential curve for sted electrodes in contact with two so ils contained in a specially designed corrosion cell. The electrodes of t be cell consisted of two segments cu t from a disk of low-carbon sheet steel. The seg-0.25 C.20 0 .15 0.10 (I) ments, separated by a thin bakelite stri p, were placed side by side in the end of a Bakeli te Lub having the same internal diameter as th e di sk from which the segments were cut. The segments were aerated differentially by covering one egment with soil which , after being moistened h ad been mechanically worked to remove all air spaces, the other segm ent being covered with soil in its natural condition. After bringing the soil to a definite moii"ltme content, the cell was placed on closed circuit. The potential of the electrodes cOlmected externally was measured free of IR drop by the method of H ickling [13] the measurements being made during very short interruptions of the polarizing current. The reference elect rode was so placed that further separation from th e test electrodes being measured had no effect on the observed valu es. In addition to the poten tial of the electrodes, the cell cu rrent was measured as Lhe applied current was increased, a "zero-res istance" milliammeter being used. Th e open-circu it potentials of the anode initially and after reduction of the cell CUlTent to zero are indicated in the figure for cells A and B .
In addition to the horizontal part previously referred to, the curves ar e seen to eonsist of two straight sections that dilIer in slope. Taking the lower curve to r epresent th e overvoltage curve for evolu tion of hydrogen, it would seem to follow that the middle curve l'epre ents the cathodic redu ction of oxygen. This interpretation of cur- _...1._-_ ..... _...1. __ ..... _-. . . . . . . . -. . . . . . . -0.9 .... -...1._-_ ..... _ . . . . . . . . __ ... __ . . . . . . . . _-- rent-potential curves for the cathode is essentially that of Evans, Bannister, and Britton [10] .
It will be noted in the curves representing the behavior of cell A that the value of applied current that was required to reduce the cell current to zero coincided exactly with the discontinuity in the current-po tential curve. In cell B , on the other hand, considerably more current was required to bring the cell current to zero than is indicated by the discontinuity in the currentpotential curve. By referring to the values of the open-circuit potentials of the anodes, it is seen that jf the open-circuit potential at the anode corresponds to the over-all potential of the combined anode and cathode, as in cell A , the protective current is indicated by the first discontinuity in the current-potential curve. However, if the over-all potential assumes lower or more cathodic values, the first discontinuity indicates a lower value of applied current than that actually required to prevent corrosion. Incidentally, it should be noted that no more current was required to reduce the cell current to zero than that which flowed originally in the corrosion circuits.
On the basis of a priori considerations and the laboratory measurements that have been described, it seems reasonable to consider the minimum protective currents as corresponding to the departures of the potential from the constant values indicated by the horizontal parts of the curves.
Although these values of current would be insufficient to protect initially those cathodes whose potentials were considerably less than the potentials of the local anodes, this deficiency would be compensated for by the tendency of the current, applied continuo usly over a long period, to reduce the corrosiveness of the environment and hence the current requirement. Because of this tendency, for which evidence will be given later, the value of current indicated by the discontinuity in the current-potential curve might actually overestimate the current required over a long period for the special case in which the observed potential is determined by the potential of the local anodes.
The method used in obtaining the first series of current-potential curves, at sites 71 and 72, involved measuring the potential including the IR drop between the cathode and the reference electrode, calculation of the resistance for each value of applied current by observing the change in potential corresponding to an increment of cur-rent, and subtraction from each value of E + IR the calculated value of the IR drop. All subseq uent m easurements were made with the null m ethod described by Pearson [11] , in which the IR drop is balanced out of the circuit and the true potential read directly. Typical CUlTentpotential curves obtained with the cathodes of the zinc-steel couples are shown in figure 4 .
In the curves obtained at most of the test sites, the middle linear sections referred to in the discussion of figure 3 are well defined. It is possible that this section is obscured in the curves for sites 71 and 72 because of the successive changes in potential, which may have been required to eliminate the local currents in corroding areas in which, because of their geometrical configuration, the protective current density was not readily attained.
For comparison with the values of the minimum protective current obtained from the curren.tpotential curves, the average galvanic currents that flowed toward the protected cathodes were calculated from the following sources of data:
(1) Periodic direct measurements of current, (2) losses in weight of the unconnected iron rings, and (3 ) losses in weight of the connected zinc anodes. The total quantity of electricity that flowed in each couple during th e test period was first calculated, and from these values the average currents were obtained. Fortunately, the losses in weight of the unconnected zinc anodes were very low (table 2) so that no appreciable error was made in calculating the galvanic current from the gross loss in weight of the anodes. The calculated values of average current are shown in table 4 for comparison with the minimum protective currents. Because the cathodes at sites 73 and 75 had received cathodic protection for nearly 6 years before the protective currents were measured , comparisons between the minimum and average currents at these sites are not valid for evaluating the accuracy of the protective currents. The data for these sites are included in the table in order to illustrate the effects of time and current on the protective currents, which will be discussed later.
The data for the test sites at which comparisons between the minimum protective currents and the respective average currents are valid , namely, sites 71 , 72, and 78, are seen to be of the same order of magnitude, the average currents being generally somewhat greater than the respective mmllTIUm values, as would be expected. This general agreem ent between the minimum and average values of current does not neeessarily mean that the point on the current-potential curve at which the potential of the cathode departs from the constant potential indicates the value of the applied current that is jus t sufficient to reduce the corrosion currents to zero . In fact, it is altogcther possible that considerably high er currents might have been r equired to effect this result initi.ally . . Prevention of corrosion at valu es of applied current somewhat less than th e initial corrosion currents could r eadily occur if current applied ov er a long period of time so red uceel th e cOlTosiveness of the environment that the minimum current r equirement was correspondingly reduced. In other words, while possibly underestimating the quantity of current initially necessary to eliminate the current associated with corrosion, the method of esti.mating the protective current gives due weight 312 to the current-time effect in reducing the cunent required for protection. Evidence that the continuous application of curren t cathodically tends to red uce the current r equired for protection is afforded by the data for si te 75 (table 4) in whi.ch it is seen that after nearly 6 years the protective current is only from onetenth to one-fifth of the average current, dep ending on the data used in calculating the average CUlTents . Even if the protective current reported for this site is considered to be indicated by the intersection of proj ections of the horizontal part and the straight section of greates t slope ( fig . 4) , the value of th e pro tective CUlTent estimated in this manner would only be doubled. Other evidence of the r eduction in the required current with time is afforded by the data for site 73, and to a certain extent by the data for site 72 , although these latter data are somewhat inconsistent.
It is realizcd, of course, that the procedure of attempting to interpret current-potential curves in terms of calculated values of average current is approximate at best. A much more satisfactory procedure would be to apply to a group of experimental cathodes a series of currents, t h e values of which would be based on the apparent minimum protective current as obtained from a currentpotential curve. As a matter of fact, two installations based on tl~is proced\lTe are in operation at the present time.
VI. Summary
Th e cathodic protection of steel by m eans of zinc anodes has been investigated in eight soils. The cathode of the experimental galvanic counle was a steel ring h aving an area of 48 q in. to which were connected from one to three zinc anodes to provide differ ent area ratios of zinc to steel. In six of th e eight environments, corrosion of the steel cathodes was prevented over the test periods of from approximately 3 to 6 years, although a greater area of zinc was r equired in cer tain soil environm ents than in otb ers. The soil conditions that tended to inhibit t he corrosion of th e zinc anodes galvanically were high resistiv ity and high alkalinity.
M easurements of electrod e potentials are in terpreted in t erms of the extent to which cathodic protection was provided. Th e increase in po tential, which r esul ted when one or more zinc anodes were connected to Lhe iron rings, was found to indicate prevention of corrosion only for those cathodes whose potentials were' already strongly anodic with respcct to t he reference electrode. Cathodes whosc open-circuit potentials wer e less anodic were not protected when connection to zinc anodes prod uc ed similar changes in potential.
The minimum protective currents as obtained from current-potential curves for the cathodes were of the same order of magnitud e as the average ClUTent of the galvanic couples calculated from d.iJ:ect meaSlU'ements of current, from the loss in weight of the zinc anodes, and from the loss in weight of the unconnected steel lings. The general agreement between these values oJ the average current is interpreted as indicating that in the environments studied no more CUlTent is required for protection than is equivalent to the loss in weigh L produced by normal cOI'l'osion .
